Chronic polyuria following ablation of the neurohypophysis in the mammal is presumably due to a lack of adequate amounts of the posterior pituitary antidiuretic hormone. The polyuria of this condition has itself received considerable attention. What has not been commonly appreciated is the wide fluctuations to which it is subject and which are commonly the result of variables known to influence the water excretion of normal animals. The present investigations examine into the circumstances which surround the effect of variations in bodily hydration on the rate of water excretion in diabetes insipidus. The variations in hydration were produced by the administration and withdrawal of water and by the ingestion of saline solution. The experiments were designed to satisfy two ends. The first of these was a functional description of the potentialities of the nephron to reabsorb water in the absence of the antidiuretic hormone. The second was the clarification of the relationships among the individual processes within the nephron which together determine the renal excretion of water.
or measured by sulfocyanate or bromide (11) . Changes in total solids of plasma were accepted as accurate reflections of changes in plasma volume if the latter were produced acutely (Tables VI and VII) . The validity of this relationship in the longer experiments (Tables IV and V) is open to question.
RESULTS

Daily Water
Balance.--The data of Table I are illustrative of the extent of chronic polyuria in the four animals when they had free access to drinking water. The observations were made shortly after the arrival of the animals in this laboratory and at least one year after the onset of permanent polyuria. The polyuria remained of the same order of magnitude during the remainder of their stay save when variables were introduced which specifically affected it (cf. Table V and footnote 3). The activity of the animals was somewhat restricted during this time since the collection of the data required the use of metabolism cages. The experiments which sampled the glomerular filtration rate were so designed that they did not seriously influence the water balance of the animals.
The renal excretion of water was not closely correlated with body weight, surface area, or rate of glomerular filtration, nor with the extent of neurological injury. The latter finding is particularly emphasized by the data on dog B. This animal was the smallest of the four and the destruction of the supraoptichypophysial system, as judged by cells remaining in the supraoptic nuclei, was less than in the remaining three and, more particularly, than in dogs C and D. However, dog B had a greater polyurla throughout all periods of study than any of the other animals. Such variability is perhaps to be expected in a small group of animals. It would be surprising if the extent of the polyuria in any animal was not conditioned considerably by the sensitivity of the thirst mechanism as well as by the operation of other factors which influence the water balance of normal animals.
CONTROL OF RENAL EXCRETION OF WATER. I
The detailed data indicate that a relatively constant water turnover on consecutive days does not imply a similarly constant rate of urine formation throughout the day. When the day was divided into two 12 hour periods, the initial one starting at the time the animals were fed, the water intake and the rate of water excretion were considerably higher during the initial than during the subsequent 12 hour period. The urine output during the second 12 hour period was usually well below one-third of the total water excretion for the day. In this respect the animal with diabetes insipidus does not differ greatly from the normal animal (12) and it appears as if a normal mechanism is simply superimposed'upon the elevated water exchange. The presence of salt in the diet may be expected to contribute to the effect and to have a simple explanation (see page 378), though multiple factors are undoubtedly involved (13, 14) . (15) , there is rough correlation between the state of hydration, the rate of glomerular filtration, and the rate of urine formation. Furthermore, the oliguria of dehydration is frequently accompanied by freezing point depressions of urine which are higher than those concurrently found in plasma. These relationships were examined systematically in a series of experiments.
Four experiments are presented in summary form in Table II and are representative of the usual findings. The initial observations were obtained 16 hours after the last meal, while the animals had free access to water. Water was then administered by stomach tube and 1 hour later a second series of observations was made. The animals were fed and drinking water was permitted for the subsequent 4 hours, at which time it was removed. The final series of observations was made 18 hours later. Each series consisted of three experimental periods.
These experiments yield supportive evidence for the existence of a general relationship between hydration, glomerular filtration rate, and urine flow, but as in the normal dog (15) , the relationship is only clearly apparent at the extremes of hydration. There is usually some fall in glomerular filtration rate during dehydration and this may be an important factor in the production of oliguria. It must be emphasized, however, that the oliguria does not involve any great fall in the rate of glomerular filtration but is in part attributable to tubular reabsorption of water as shown by the attainment of moderately high creatinine U/P ratios and the frequent occurrence of urine hypertonicity. However, the capacity, of these animals to form a hypertonic urine was considerably less than that of the normal dog with comparable dehydration (c/. 16 ), as was their ability to concentrate creatinine. The creatinine U/P ratios were usually below 200 in the animals with diabetes insipidus and we observed a value as high as 300 on only one occasion. Normal animals with comparable dehydration reach creatinine U/P ratios of 500 to 800 (15) . Dog B (see Table II) concentrated more extensively than the remaining three animals, and it will be noted that this animal was judged to have the largest quantity of residual supraoptic-hypophysial tissue. A hypertonic urine was not found in the experiment on dog A given in Table II , but was present on other occasions during similar dehydration.
Mechanism of Water Reabsorption during
Dehydration.--There are relatively few means by which water reabsorption can be compared in diabetes insipidus and in the normal animal in terms of renal tubular mechanisms. There are, however, three phenomena which may be expected to yield some critical information: the minimal creatinine or inulin U/P ratio during water diuresis; the relationship between urea reabsorption and water reabsorption; and the identity of simultaneously observed creatinine and inulin clearances at low urine flows.
It is unusual for the inulin or creatinine U/P ratio to fall significantly below 10 during water diuresis (40 to 50 ml. per kilo) in the normal animal (15) presumably because 85 to 90 per cent of the filtered water is reabsorbed in the proximal portions of the nephron (17) (18) (19) . The fact that the creatinine or inulin U/P ratio during maximal water diuresis does not fall below this same range in diabetes insipidus (Fig. 1, Table II ) indicates that such proximal reabsorption of water is unimpaired. The normal value of the urea/creatinine clearance ratio at the high urine flows is supportive evidence for this belief. When the creatinine U/P ratio is elevated above 10 by an increase in the fraction of water reabsorbed, there is an accompanying increase in urea reabsorption in dogs with diabetes insipidus (Fig. 1) which is much the same as in the normal animal (15) . Such parallel behavior would be an unlikely finding if water reabsorption in the animal with diabetes insipidus differed qualitatively from that in the normal animal.
The simultaneously determined creatinine and inulin clearances appear to be identical in diabetes insipidus (Table III) . This finding is important if creatinine or inulin is to be used in the measurement of glomerular filtration rate. An abnormal type of water reabsorption is also ruled out by these experiments, such as that which we have observed in the surviving kidney when perfused by a pump-lung circuit and which is characterized by the reabsorption of creatinine when the reabsorption of water is great (20) . The Origin of Water Excreted during Dehydration.--The mechanism by which animals with diabetes insipidus discard large volumes of water and still maintain circulatory competence and a relatively high glomerular filtration rate was investigated.
The animals were kept in metabolism cages and water intake was measured for a period of 3 days before the control observations. 16 hours after the last meal minimal amounts of sodium bromide or sodium su]focyanate were injected and 2 hours later the experiment was started by a urine collection period followed by a blood sample. The animals were then weighed and returned to the metabolism cage without food or water for 24 hours. The bladder was emptied, a urine collection period taken, the blood sampled, and the animals reweighed. They were then permitted to satisfy their thirst by giving free access to water for 60 minutes. A typical experiment ~ is summarized in Table IV . The urinary loss of water was 0.91 liter and the total weight loss 1.30 kilos. Since no fecal material was passed, it can be assumed that the loss of water by all routes was close to the higher figure. 1.30 kilos is 42 per cent of the volume of extracellular fluid as measured in this animal by the volume of distribution of the bromide ion (11) . However, calculations through the change in serum sodium (21) indicate that the contraction of the extracellular fluid compartment was less than half of this value, and it must be concluded that a large portion of the fluid lost was derived from the intracellular compartment. The dehydration may have changed the distribution of some ions but such changes could not be extensive enough to invalidate this interpretation. The change in the total solids of plasma indicates that the plasma volume was contracted to about the same extent as the volume of extracellular fluid. The contraction is apparently small enough and takes place slowly enough so that adjustments in the systemic and renal circulation maintain an adequate filtration pressure in the glomeruli (Table II) . The mechanism by which intracellular water is made available for renal excretion in this type of dehydration is quite clear. On the one hand the essen-2 The results in the other experiments were similar to those of the experiment shown in Table IV ; the only difference was in the extent of water lost. In terms of body weight, this was: dog B, 0.79 kilo; dog A, 0.78 kilo; dog D, 1.20 kilos. I tially complete renal tubular reabsorption of sodium, coupled with the extracellular position of this ion (21) , results in the withdrawal of water from the cells as sodium is retained in the body during a period when sodium-free water is discarded by renal action. On the other hand, the complete reabsorption of sodium and hence its retention in the body is facilitated by a reduction in the rate of glomerular filtration (see below), as well as by a deficiency of antidiuretic hormone (22) .
Effect of Saline Ingestion on the Magnitude of Polyuria.--The circumstances
which surround the increase in the polyuria of diabetes insipidus when the drinking fluid is changed from water to a sodium chloride solution (23, 13) were examined in three of the animals.
Three general experimental routines were used and each type of experiment was performed at least once on each of the three dogs. The animals were studied when at equilibrium with water, with 0.5 per cent NaC1 solution, and on return to water (Table V) , the minimal period with each drinking fluid being 2 days. They were observed as they proceeded from equilibrium on water to equilibrium on 0.5 per cent saline (Table VI) ; and as they returned to equilibrium on water again (Table VII) . Continuous observations were possible in the last two types of experiments because of the prompt attainment of equilibrium. All experimental periods were terminated by catheterization. Drinking fluid, whether water or 0.5 per cent saline, was always available in excess of the desires of the animals. The animals were maintained in large metabolism cages except during sample collections, and these were performed as expeditiously as possible. This was essential if uncontrolled variables were to be minimized, since the fluid turnover was so large on the saline solution.
Polyuria 3 and a greater variability than normal in the volume of extracellular fluid, serum total base or sodium, and glomerular filtration rate are the only outstanding abnormalities which differentiate the water and electrolyte pattern of animals with diabetes insipidus from the normal when drinking water is freely available. A change in the drinking fluid from water to 0.5 per cent saline increased the severity of the polyuria in our experiments, as was expected (Table  V) . There were in addition a marked elevation of the glomerular filtration rate, and a moderate increase in the volume of extracellular fluid and of plasma and in the concentration of the total base in serum. Potassium analyses were unsatisfactory in our laboratory at the time of these experiments but it was clear that the increase in total base was due to an increase in the concentration of sodium and that potassium was displaced from the body by renal excretion.
A description of the mechanism by which saline ingestion enhances the polyuria of diabetes insipidus appears to require an elucidation of the factors which 3 The polyuria was somewhat less in dogs A and C during this period than that previously observed (Table I) or that observed subsequently. This finding may be attributed to the circumstance that they were being maintained on one-half their usual food intake as a weight-controlling measure (13, 14) . result in the increase in glomerular filtration and the consequences of such an increase on the excretion of water and electrolyte. The sequence of events is shown in Table VI . On ordinary drinking water the animal has a median rate of glomerular filtration and a moderate urine flow which are determined in part, by the degree of hydration (see above), and the urine is essentially free of sodium (period 1). With the ingestion of saline there occurs an expansion in the volume of extracellular fluid and plasma (see accumulated balance, Table VI); through mechanisms not yet elucidated this expansion leads to an increase in glomerular filtration. This in turn produces an increase in urine flow which is not at first accompanied by an equivalent increase in the excretion of sodium, the concentration of urinary sodium being below that of the ingested saline. Loss of water, therefore, proceeds without a comparable loss of sodium and an CONTROL OF RENAL EXCRETION OF WATER. I increase in the concentration of extracellular electrolyte occurs before there is an opportunity to restore the volume of the extracellular compartment to its initial value. The thirst mechanism is stimulated by this increase in the concentration of extracellular electrolyte (24) and the animal takes a second drink of saline (periods 2 to 3). The ingested fluid, being hypotonic, dilutes extracellular electrolyte and thirst is temporarily satisfied. However, the ingested saline further expands the extraceUular fluid and plasma volume and leads to a further increase in the filtration rate, this cycle proceeding until the filtration rate of sodium is in excess of the tubular reabsorptive capacity 4 in the proximal segment. Sodium is now excreted in significant amounts, but at a urine concen- tration still below that of the ingested fluid (periods 3 to 5), and hence concentration of extracellular electrolyte again occurs as water is discarded in excess of sodium. After several of these episodes glomerular filtration is increased to such an extent that the filtration of sodium considerably exceeds the reabsorptive capacity of the proximal segment, and the sodium concentration of the urine 4 Reabsorptive capacity is used in a very broad sense throughout this paper and is not the equivalent of Tm as used to describe the transfer maxima of organic substances such as glucose (25) . There is as yet no simple means of quantitating the capacity of the system responsible for the transfer of sodium under any given set of circumstances. The ability of the normal dog to maintain a normal electrolyte balance despite wide fluctuations in filtration rate, the result of dietary r~gime, is an indication of the functional adaptability of this system. attains that of the ingested fluid. As long as the animal continues to drink the saline solution at will, it remains in a more or less steady state with respect to both water and sodium (periods 6 to 8). A true steady state is not established, however, since the drinking may be episodic rather than continuous and there is a lag between the drinking of saline and its absorption. Following each drink of saline a period of high urine flow produces a progressive contraction of extracellular fluid and plasma volume, which finds renal expression in a lowered ill- tration rate and decreased sodium excretion; the excretion of water in excess of sodium produces an increased concentration of electrolyte in the extracellular fluid and the animal is stimulated to drink, thus initiating the following oscillation. The experiment given in Table VII was selected to illustrate this portion of the cycle as well as the reversion to normal through the drinking of water. It shows the contraction of extracellular fluid and its sequelae particularly well since the animal refrained from drinking for a considerable period of time.
When the animal drinks water a prompt reversion to the normal state occurs. The mechanism of the reversal is illustrated by the experiment presented in Table VII . The initial effect of the ingested water is qualitatively the same as if saline were taken; the increase in filtration rate being somewhat less since the water is distributed in a larger volume than is saline. However, the increase in filtration rate permits the continued excretion of sodium, creating a sodium deficit since the fluid absorbed is sodium-free. The fluid exchange returns approximately to the pre-saline level when extracellular fluid and plasma volume and consequently the filtration rate have been reduced to normal, and when sufficient sodium has been excreted so that its concentration in the extracellular fluid compartment is in the normal range. This usually takes place in a period of 4 to 6 hours. DISCUSSION It is accepted that the polyuria of diabetes insipidus is attributable to a deficiency of the antidiuretic hormone of the posterior pituitary gland. Owing to this deficiency the active tubular reabsorption of water in the distal segment or distal portions of the nephron is quantitatively unimportant under conditions of ordinary hydration so that a markedly hypotonic urine is formed. Nevertheless, the renal response to dehydration is similar to the response of the normal animal. It may be that the chronic polyuria does not exclude the presence of sufficient posterior pituitary tissue with which to form the antidiuretic hormone in significant amounts during dehydration. Alternatively, the nephron may be able to reabsorb water against an osmotic gradient in the complete absence of the antidiuretic principle. The anatomical and functional data collected from dogs C and D incline us to the latter view according to which the antidiuretic hormone facilitates or accelerates the hypertonic reabsorption of water but is not essential for the process.
In either of these views dehydration in both normal and diabetes insipidus animals would impose upon the distal segment the conditions favoring the formation of a highly concentrated urine. The complete reabsorption of electrolyte, particularly of sodium, high in the proximal segment (19) would be the first essential for this operation. A reduced filtration rate would facilitate this process as well as the early attainment of osmotic equilibrium between tubular contents and renal interstitial fluid through the passive reabsorption of water. Such reabsorption of water may be expected to take place in the proximal segment, Henle's loop, and possibly in the distal segment and to proceed in response to the force established by the active absorption of osmotically active material in the proximal segment (3) . Under these circumstances only small quantities of fluid are delivered to the distal segment and oliguria may result from this mechanism alone, in the absence of any active force applied to water itself. Data obtained from a normal dog which emphasize this concept are presented in Fig. 2 . Thermodynamically no work is directly performed on water in this series of observations until the urine flow is below 0.4 ml. per minute, at which time the freezing point depression of urine is equal to that of plasma.
It seems likely, from these considerations, that the quantitative relationship between glomerular filtration and proximal tubular reabsorption, particularly with respect to the electrolytes, is an important determinant of the rate of water excretion in the normal animal. The control of (distal) reabsorption of water by the antidiuretic hormone in the normal animal is a device added to the above mechanism contributing both a more rapid and a further conservation of water by an active process permitting the elaboration of a highly hypertonic urine. • =0.6 ° C. represents the mean of a series of plasma observations obtained during moderate dehydration. These relationships are not fixed in any animal but will vary depending upon variations in glomerular filtration rate, food and salt intake. Consequently, there will be a variation in the lower limit of the urine flow which, thermodynamically, does not require the application of work on the water in the system.
The importance of such quantitative re]ationships in the proximal portions of the nephron in the overall determination of water excretion is fortified by the experiments which examine the enhancement of polyuria in diabetes insipidus when saline is ingested. Two fundamental derangements in electrolyte-water balance appear to be involved in this phenomenon, both being attributable to a deficiency of antidiuretic hormone. They are an increase in the reabsorptive capacity for sodium proximally in the nephron and an impairment in the active reabsorption of water distally (22) . When saline is ingested both derangements, together with the normal operation of the thirst mechanism, favor the progressive localization of sodium in the body with a consequent increase in the volume of extracellular fluid and plasma. Circulatory adjustments result in a progressive increase in the rate of glomerular filtration and it appears that this increase is the immediate cause of the increased polyuria as well as the circumstance which permits the ultimate attainment of sodium balance.
The mechanism which is responsible for the increase in urine flow appears to lie in the circumstances which surround the reabsorption of water in the proximal portions of the nephron. Normally, we suppose the reabsorption of solute proceeds more rapidly than the passive reabsorption of water, so that tubular urine is hypotonic as it enters the distal segment. 0therwise,it is unlikely that a hypotonic urine would be formed in those conditions in which the active reabsorption of water distally is minimal; i.e., in diabetes insipidus or during water diuresis in the normal animal. An increase in glomerular filtration rate, by diminishing the time available for the equilibration of the tubular urine will result, under these conditions, in a smaller percentile reduction in the diffusion gradient of water and hence will deliver fluid to the distal segment at a higher rate) As the progressive elevation of filtration continues and the reabsorption of electrolyte becomes less complete there is added to this increased flow factor a reduction in the diffusion gradient of water itself, in consequence of the presence of unabsorbed sodium. This contributes to the increase in the rate of delivery of fluid to the distal segment. Some reabsorption of water presumably continues to occur in the distal segment at all times owing to the incomplete dissipation of the diffusion gradient of water. However, without the antidinretic hormone to facilitate or accelerate distal reabsorption, this process remains quantitatively unimportant in reducing the polyuria.
It may be suggested, as a logical extension of the discussion, that the urine formed in diabetes insipidus during normal hydration approaches in character that which, under the same circumstances, would be delivered to the distal segment in the normal animal. These experiments are then examples of how variations in the quantitative balance between glomerular filtration and proximal tubule reabsorption can vary the amount and character of the fluid presented to the distal segment, thereby contributing directly to the regulation of the volume and composition of the urine (18) and indirectly to that of the body fluids.
SUMMARY
Water and electrolyte excretion has been studied in a series of dogs with diabetes insipidus, in which the extent of neurological damage was subsequently determined. The animals were studied before and after the introduction of variables which produce marked changes in the state of hydration,--administration and restriction of water and the substitution of 0.5 per cent sodium chloride for it as a drinking fluid. Observations were made on those factors, 5 More generally, this would not be expected to obtain under conditions in which the initial state involved an extensive reduction in glomerular filtration rate, or, in which the increase in glomerular filtration was accompanied by a comparable increase in the ability of the tubules to reabsorb sodium. both general and renal, which appear to be important in determining the excretion of water and electrolyte, or which may be expected to yield information on the mechanisms by which the regulation of such excretion is achieved. These are the volume of extracellular fluid and plasma and the concentration of the contained electrolyte, glomerular filtration rate, and the excretion of electrolyte, urea, and water itself, as well as the tonicity of the urine. CONCLUSIONS I. Changes in the renal excretion of water, in response to extensive changes in hydration, appear to proceed in the dog with diabetes insipidus in a fashion which is qualitatively similar to that in the normal animal. The oligurla produced by dehydration is frequently characterized by a hypertonic urine and requires the active tubular reabsorption of water. This type of oligurla does not appear to require the presence of the antidiuretic hormone.
2. Extensive dehydration in dogs with diabetes insipidus, when due to the renal loss of water, is not accompanied by circulatory collapse or an extensive fall in glomerular filtration rate. This circumstance is related to the maintenance of an adequate volume of extracellular fluid in consequence of the complete tubular reabsorption of filtered sodium and the extracellular position of this ion.
3. The enhancement of the polyuria of diabetes insipidus which results from the ingestion of saline is due to an exaggeration of the deficiencies in renal function caused by an inadequate supply of the antidiuretic hormone. These are an increased capacity for the reabsorption of sodium proximally and a diminution in the active reabsorption of water distally. The saline r~gime, under these circumstances, produces a localization of extra sodium in the body, an increase in the volume of extracellular fluid and plasma, and an increase in glomerular filtration rate. The increase in glomerular filtration rate is the fundamental change which both produces the increase in urine flow and permits the establishment of sodium balance.
4. The same variables appear to be \ responsible for the low urine flow of dehydration and the excessively high flow when saline is used as a drinking fluid in diabetes insipidus. They arise from the circumstances which surround the proximal reabsorption of water and electrolyte and the quantitative relationship between these and the rate of glomerular filtration which together determine the volume of fluid delivered to the distal segment.
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